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Mean  Excitation  Potentials* 

Don'.ald  C.  Sachs,  Stanford  Research  Insliliile,  Stanford,  California 

AND 


. Reginald  Richardson,  Department  of  Physics,  University  of  California,  l^s  Anf,eles,  California 

{Received  September  22,  1952) 


Previous  ciperimenlal  rcsulls  of  ihe  present  authors  on  the  energy  loss  of  IS-.Mcv  protons  in  aluminum 
are  corrected  to  give  a value  for  the  mean  excitation  potential  / = 168  ev.  It  is  pointed  out  that  recent 
work  on  the  range-energy  relationship  for  |irotons  in  aluminum  may  indicate  a variation  of  / with  proton 
energy  which  i.t  considerably  larger  than  that  to  he  attributed  to  the  nonp.irtici.oation  of  the  K electrons 


The  results  of  a measu'ement  of  the  absolute 
energy  loss  of  protons  upon  passing  through 
various  rnaterials  have  been  recently  published.'  Since 
that  time,  it  has  become  evident  that  an  out-of-date 
and  inaccurate  value  of  the  constant  was  used- 

in  computing  the  mean  e.vcitation  potentials  of  tliese 
materials.  In  the  light  of  new  work’"*  that  has  been 
done  in  the  fielci  of  proton  ratiges  and  e.xcitr.lion 
potentials,  it  was  thought  worth  while  to  correct  Uie 
previous  computations. 

In  Bethe's  energy  loss  formula,® 

8=^Z  l)-Cs, 

the  atomic  stopping  number  n can  be  obtained  frotri 
the  e.’cperimentally  deteimined  tiE'dc  by  using  tlte 
relation 

;S-.I 


47rttic‘r,/.>'o\  da  / 

Here  fi  = vjc,  To  — e^ime^,  .d=atomic  vveiglit  of  the 


* This  work  was  tuppot'cil  in  part  b.’  the  joint  program  of  the 
U.  ? Omcc  ol  Naval  Ri;st;prrh  c.-.id  l.hc  U.  S.  Atcmic  Kncrgy 
Commission. 

‘ D.  C.  Dachs  and  J.  K.  Richavdson,  Phys.  Rev.  83,  834  (1951). 

t We  are  greatly  indebted  Ir.  Dr.  Joseph  F,.  Perry  for  bringing 
this  discrepancy  to  our  attention. 

■-  N.  Bloembergcr  and  P.  J.  van  Heerden,  Phys.  Rev.  83,  561 
(1951). 

* K.  B.  Mather  and  E.  Segr^,  Phys.  Rev.  84,  191  (19.51). 

* E.  L.  HubharJ  and  K.  R.  MacKenzie,  Phys.  Rev.  85,  107 
(1952). 

* M.  S.  Livingston  and  H.  A.  Bethe.  Revs.  Modern  Phys.  9, 
262  (1937).  See  this  paper  for  notation. 


absorber,  .V,.  = .\vngadro’s  number,  and  —dE’da  is  the 
energy  loss  per  unit  surface  density  of  the  absorbing 
foil.  Negligible  error  is  introduced  in  this  experiment 
by  using  the  average  value  of  8'  during  the  energy  loss, 
.•vlso  tlie  mean  excitation  potential 

/ = 2fi8>u-  cxp[(—  B-l-Ct)  '/.']■ 

It  is  to  be  noted  from  these  relations  that  a half- 
percent  error  in  rg  will  be  reflected  as  a r.ix  percent  error 
in  1. 

Using  the  value  2.818X10"’’  cm  for  ro  we  obtain  the 
corrected  results  for  aluminum  which  arc  shown  in 
Table  I.  The  values  of  the  other  constants  used  are 
me’  — 0.5108  Mev,  .Vo=.  6.0228X  lO”*  atoms  per  gram 
atom  fehemierd  scale),  .-1  = 26.98  g for  altiminuin.  Tiie 
weighted  average  for  aluminum  becomes  / =]6S  elec- 
tron volts. 


Table  I.  Mean  excitation  potential  of  aluminum. 


i^iirfa.  f 
fJcHsiiy 

Nfost  probablf* 
lo>.i 
(\Uv) 

Mean 

(wii'.i  ;.rnl)able  error’ 

7.1.53 

0.153 

I7‘).3it21..S 

14054 

0..301 

18l.3-C-!3.r. 

21.432 

0.465 

S.6 

21. .532 

0.470 

167.0±  9 6 

33.875 

0.737 

175.8i  7.0 

38.395 

0.839 

173.8±  5.0 

47.457 

1.048 

168.7±  8.3 

57.493 

1.276 

168.6±  5.9 

67.294 

1.515 

160.9±  5.4 

76.849 

1.737 

161.6±  4.1 

1163 


1164 


n . c 
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r:o.  I.  Mean  excitation  potential  of  alumitniin  as  a funotiim  of 
proton  energy.  The  soliJ  curve  connects  !■. tints  nhtaineil  from 
proton  range-energy  experiments.  The  <iotted  curve  repr.'senis 
an  approximate  thin  foil  energy  loss  functicti. 

Table  II  presents  a .summary  of  tlic  results  of  recent 
e.xperiments’  which  determined  the  mean  excitation 
potential  of  aluminum.  Our  exitcrimc-nt  fSaclis-Richard- 
son)  was  performed  with  thin  foils  of  material  vvh.ere 
the  loss  of  proton  energy  in  the  was  a srnall 

fraction  of  the  incident  eneruv  ('see  Table  t;.  In  t<tn- 
trast,  the  rem:>.inin<;  e.\|K'rimcMUcrs  nteasiired  tiie  com- 
plete proton  ranges  in  aluminum.  .Astuming  for  the 
moment  that  there  is  a real  variiition  of  / with  proton 
energy,  Kaus  has  cakuhated  the  vaitie  of  ti<e  proton 
energx'  which  represents  ait  effective  value  for  the 
entire  energy  loss,  He  assumes  that 

/(£)  = /o-alog£ 

is  the  funrtion.a!  relationship  between  / and  the  proton 
energy  and  that  a//oC;0.1.  From  this,  one  obtains  the 


'rABLE  II.  The  results  of  recent  cxjierimcnts  which  measured  the 
mean  excitation  potential  of  aluminum. 


Kxprrimcnt 

liicidcat 

energy 

(Mev) 

Kffecliv^ 

proton 

enffiry 

(Mfv) 

Mr.in 

aiuminum 

(«fv) 

Sachs-Richarrlson* 

17.8 

17.8 

I68±3 

Hutbard  MacKenzie* 

18.0 

10  g 

I70±2.5 

Eloeni jergen- 

3S-,sn 

21-30 

164±S 

van  Heerden* 

r n .*»c 

30-4  .S 

161  ±.S 

Mather-Secr^** 

3-!0 

204 

I.S0±5 

» leftn-ncc  I. 

See  reieieuce 
® 9-cr  r#»fere:;cc  3. 
See  refeience  4. 


’ Sec  also  D.  H.  Simmons,  Proc.  Phys.  Soc,  (London)  A65,  454 
(1952). 


result  that  This  E^n  for  each  experiment 

is  shown  in  column  3 of  Table  II.  Of  cour.se,  for  thin 
foils  we  have  £prr^£inc-  In  column  4 of  this  table,  the 
/ai  valuer,  (with  standard  deviations)  are  listed.  'I'he 
standard  tleviations  to  the  excitation  potentials  were 
obtained  from  the  resi)cctive  papers  witii  the  exception 
of  that  of  Mather  and  Segr&.  In  this  case  the  standard 
rleviation  had  to  be  computed  from  their  statements* 
of  the  approximate  deviations  (i.e.,  about  1 Mev  for 
il'c  energy  and  0.2  g/'cim  for  the  ranges). 

Figure  1 shows  a semi-log  plot  of  the  mean  excitation 
potential  cf  aluminum  is  proton  energy.  The  open 
circles  refer  to  the  incident  proton  energies  (column  2 
of  Table  II),  while  the  solid  circles  represent  the 
effective  energies  as  defined  above.  The  point  corre- 
sponding to  the  thin  foil  result  is  not  changed  when 
account  is  iaken  o!  the  effective  jiroton  energy.  Upon 

Table  !H.  U'clgh'.cd  avera!;''s  of  the  mc.in  excitation 
potentials  of  various  materials. 


Wrijjlited  avrraRp  mean 


Material 

rsLitstiou  po(eu(ial  i.cv> 

Nickel 

399 

t A.jrper 

4.1.3 

kliodinm 

799 

.Silver 

796 

I'admimi. 

792 

Tin 

8.S3 

Tantalum 

1148 

Gold 

1383 

.Nylon 

41.3 

consideration  of  the  results  in  the  figure,  it  i.s  clear  that 
better  experiir*'nt.al  data  would  he  desirable  before 
deciding  that  the  \ariation  of  I with  energv  is  real. 
It  should  also  he  |>ointed  out  that  the  effect  of  / of  the 
non]iarticipation  of  K electrons*  has  been  taken  into 
acermnt  in  the  treatment  of  the  experimental  data  when 
use  is  made  of  C*.  Fveii  if  these  calculated  corrections 
were  ignored  entirely,  the  a|)])arcnt  variation  of  / over 
this  energy  range  uoultl  only  he  of  the  order  of  6 ev, 
which  is  small  com]rareti  to  the  indicated  experimental 
variation. 

I'he  thin  foil  mean  ionization  potentials  for  some 
other  materials  arc  shown  in  Table  III.  These  results 
were  computed  using  (’-d,  Cj,  • • • =0,  i.e.,  no  corrections 
for  nonparticipatirig  electrons  were  made.  These  correc- 
tions, if  they  were  known,  would  tend  to  lower  the 
values  of  the  potentials. 


• See  reference  4,  p.  193. 
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Spectrometer  Measurement  on  the  High  Energy 
Positrons  of  Sodium  22* 

Hvkon  T.  \Vkm:iii 

Dft>atimenl  vt  Phxsu'x^  i^’niirrji/y  nf  C'altfornui.  I.o\  < olii.irmn 

(Rtvctvi»d  iJtM'embrr  18. 


f ysiN’o  n sm.ill  soicnoubi  spcctromcicr,'  u mcasuror^icnt  of 
the  nuio  A'  of  ihc  partial  Occay  * oi\slaiU  for  the  lower  en- 
ergy speclrum  .1  in  Ihal  of  the  higlier  energy  specirum  H of  pt)si- 
Irons  from  Na®  was  nnulc. 

The  source.*  wli(»se  ^lrengll1  was  approximately  0..^  miMicun#*s, 
was  tle]iosile(l  on  a Nylon  foi'  wlu'>e  iliickness  was  2 5 mg  cm  * 
rho  source  was  15  mm  in  ilianulcr  aiol  its  avcr.ige  iluckncs^ 
2 mg  cm 

The  (JeliX'lor  was  a nunialurc  cm!  win<l<»\\  (Jeiiter  cfuinler  t»f 
length  25  mm  ami  callunle  di.im.eler  7 mm.  rhe  en«l  t-l  the  t oiinicr 
fornual  the  “energy-.-clecling  hole'*  of  the  sp*‘cl lomciei . The 
hackgrouiul  counting  i.Ue  with  no  source  in  the  >peclroir.eter 
was  0.07  counts. sec  This  increased  i«.  0.0*;  count>  mv  ' with  the 

0.3  millicurie  source  \i\  position  and  with  an  :dainimim  pl.iie 
hlanking  olT  the  “angle  seletiing  liatlles"  ne.ir  the  source.  The 
hackground  Jurilier  iiureased  (o  0 10-0.12  counts  ..c  ' witli  ih.e 
source  in  posiiitm  ami  with  a I.m  iie  ring  '■•••iVu  ienlly  iluvk  to  sit»p 
the  most  energetic  positrons  pl.iced  .it  tiis  »-mir  '!he  v.tlur'- 

(juoled  are  for  the  range  ol-served  in  soo  trusii  H.  po-nis  ne.ir  tier 
upper  limit  corresponding  to  the  sin.dler  h.u  kgrtnind.  li  was  ny 
the  use  of  sueh  a ring  ahsorlnT  placed  at  the  ring  f.KU'^  ih.r.  a 
liackground  coniiiing  rate  f.-.r  each  of  i lu  p-anis  olwvrved  m spec 
trum  H was  detei mined  The  niosi  uiweriain  "f  these  hackgnmnd 
rales  haii  a stand. irtl  deviaiioii  of  S percent. 

.Momentum  |dot,s  of  the  oliserved  spectra  arc  shown  in  I'ie  1. 
Tlte  scale  of  ordinates  is  in  counts  sec  ' per  unit  momentum  ll.e 
niometilum  living  measured  in  uni’s  pi,/;.  The  licic.s  .1  and  /> 
iniijc.iie  theoretical  shapes  lor  .a! low ed  spcc  i ra.  Spa  i rum  .1  ag»ees 
with  llte  thtore-iral  shape  down  to  O S a poir.t  well  lielov.  tin* 
ma.xj'iuim.  .\  Kurie  plot  yields  nn  er,.;  puint  <f  .^40?.'  kc\,  i’l 
agreement  wiilt  prn.r  ^e^uil^.^ 


1 


w.wf  M jw  9 ./mrs 

I'U..  I.  Monu*nujn)  plols  lor  tlie  two  |io‘;iiron  »>i>erira  ot 


i . -•  t • ,iio  /: 

Hecaiee  of  the  gieat  simikoitv  o!  tlie  5 rnusiiaips  lM  ;.»ecn  the 
giouml  sl.UiS  i*?  He‘*'— ll‘‘'  :o»*l  Vi-— tt»e  viile.!  *.  "T 
ret  t ion*  w .iS  i oiisidcie«l  lor  spu  Irani  H.  The  data  ):■  the  P ■ 

Iriiin  ctMisiderahly  heller  than  iltc  allowed  slKipe  /p  This  is 
indK.ilc-d  hy  I’ig.  1 and  sliown  nmre  clearly  hy  the  Kurie  iilom  nf 
speetrum  /I  in  Tig  2.  'IT-.-  end  ;»m  i <<i  sp.'elrum  /5  i<  at 
'kev.  a \.ihn*  in  a./recn^enl  widt  the  >nm  <i  tin-  (-;urgy  >>f  i he 
g.imma  ray  il277  kev;^  of  N.r*  .imi  ti-.e  end  p>>;iii  n.  ^pc•l  !rlmI  .1 
s.'  12  kev  1 5 'I'he  net  eounling  raU‘  for  puinu  n.ear  the  peak  of  spec 
trnni  was  1 5 li  tws  tlie  h.ukgio'md  r.Kc-  1 lie  si. rod. *.rd  devia- 
iions  iji  the  r.el  coupling  rat;  s are  indie.ati  d. 

!*{•  oht.-iin  A’  V e c'W\ip.iied  the  :i'‘tas  under  curves  .1  aiul 
The  "rs'idi  i-;;  A*  — Ifi' TIn>  leaiis.  u-'ing  a lull  life  of  2 (itl 
year>'  for  the  d cjy  >p. vtrum  .1.  l«»  a det.iy  eonstaiii  I'm  tlie 
del  ay  <>;  \a”  to  the  groiiU'i  >'i;Me  of  Ni"  tif  t.Ov^if)  o 

sec  the  vaine  being  greater  it  a franijon  nf  the  ilecay  m speelrum 
/>  is  hy  o«!>ital  c-|eeiroit  rajUnre. 

The//  value  which  results  is  10*^.  d’hi.s  an  order  nf  m.agni 
tude  less  than  the  value  hased"  t^n  i-arlier  experitnenl.il  work''  .-le.d 
ahnul  hall  an  noic-r  th;;n  the  value  hasi-d  in  p.arl  nn  a llie>i 
retieal  consideration.® 

• Suni"*fle'l  in  pari  l>v  i lu-  jli«-  f.  JS.  c lUti-f  of  N'.o.it 

Krsr;»r.  .oul  tile  I .'s.  .\tiiune  l-'iieruv  < Mimni~->i:in. 

' U>-r«*n  T Wnulii.  ,\ie.  .1  l‘ln>.  20.  .Mu 

• 'r-on  tlte  l-nOtin--.  l>i\i  t.m  tji  ihr  t . S .\twmie  l-'iu-uc- 

J .M.m  kim.  l.ulofskv.  nn.l  Wu.  Ph-.v  Kec-  78. 

• K.  1'..  M.O'lt.  k.  fUw  Kev  75.  . PM-o. 

-M  I-  Albcoger.  fh; Kev  7ft 

» I.,  1 l..»aen.  I'hvri  Ki-c  7ft.  , I'O'O. 

’ M.  l-em-  ' l<r\-  Piiv.-.  23.  10  ■ PMn. 

• K II.  M«i(k-oI''I>  I .out  K.  P.  VV'tll.  Pliys.  krv  7ft.  l.'t.t  (PM*>* 

•1-1.  l-'ceulM-rji  ,»mi  K.  i'.  llamni.uk.  Kev  7.S.  tST*  <lnj'>). 
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The  Short-Lived  Radioisotopes  P-*  and  Cl’-f 

Nii^i.  \S . t»i\Ns  K-  Jissis.  \si)  t.  Kh.is\id  RifiUkhsov 

I iTtMifni  I'kystiS.  I'  nttfrutv  of  /.•><  CiiUforntJ 

(Kecfivrt!  Mar«li  Jt. 

scrifs  (if  r;iiliiut  live  isoliipfs  \a®.  atu!  .-\P*  has 

Jl  hvon  rvjmrU’tl  li\  Alvarez*  aiul  hy  Ihcse  is«to|H*s 

all  ilocav  liy  jH)silron  oimssitui.  at  least  some  <»t  llic  hranches  of 
which  loa«I  to  cx(  iltai  states  tliat  tlecay  l»v  alplia  parlicle  enu<vsion 
We  lia\c  nliservcti  twt*  new  ;ulivities  wliitli  rtsult  from  the 
Inunhardmeii*  of  silicon  ami  sulfur  l*y  Jt)  Mev  protons  frinn  the 
rc'i.A  c\\lotr«>M,  I'neu  tlur-lmld  ae-1  eueti:\'  t »m>ulerations,  wc 
T-t.  ri*H‘  il'e<c  ,u  ti\  lies  !•'  I’*'  aa  1 t atloili'atal  ’ncmf«er<  oi  the 
litn\e  .s<*rie>.  I Ih*  e.a  llio-l  * i the  ii>e  oi  a 

s^'ii  iil'a’io-a  •jam.na  ra\  spo  'r*>iiu  't  r wi'.h  a Na.l  t »-y.-lal. 

i h ■ .>•  :!a  ("A'.t.io  y ^ tt  i *' tx>l  M.coml.  ami  in 

; !!  t • I *1  • • nr:'  s •*.;  tn  . - J e'.vrcv  4 '*‘±02 

U- 'IJM'iJMJHi  H-C  :'ia 
p r*  , ••  , i..i  iti  n:  U ' .e’  • e 7 \l,  \ 

1 i'a-  (Ivr^f  -IS  M.‘  't  •« 

• • . • ; ' * ‘ • .•.  \ * -it*'.' 

\r  ' ; ■ ■ 1 ; . 

’■  ' . - . . 1 . - . ; ■ ml 


28.f)OI 2-b0l)tM)/  amu,  ami  for  the  Cl®  a mass  of  3l.0963zt0  000/ 
aimi,  usin|»  the  values  tif  l.i^  for  the  masses  of  Si*“  and  S®.  These 
nuclei  arc  aj)parcnily  just  handy  stalde  to  proton  emission. 

Wo  have  soarchi'tl  for  alpha  particles  from  these  activities, 
iisitiK  a ZnS  screen  and  photomuiti))Iicr,  hut  without  positive 
results.  'I’he  sensitivity  of  t)ur  arrangement  can  he  indicated  hy 
the  followiiva  statement  : lather  fa''  the  ;di)ha-[>articles  have 
energy  le^s  than  I Mev  or  (h''  the  transition  ’•  hich  results  in  their 
1 lu>  .1  \r  f .thhi’.y  le<4  t'nan  10  percent  of  tlmsc  transitions 

uhiclt  re  oil  in  uamma  ray  emission. 

We  l»a\e  also  ohtaine<l  Some  r(‘suli«  on  troni  the  reaction 
Mg'*  Wc  observe  gatnma  radiations  of  energy  7.1±0.2 
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'ositron-Electron  Scattering  at  1.3  Mev'* 

lIoRACK  A.  Avn  K K.  MacKunzu-. 

I'nivcrsiiv  of  Oi/i/<>fww,  l.os  Cnli/ornin 

(RiYcivcti  Dcccmiicr  15,  1952) 


^T'siiig  ;in  incident  licam  mercy  of  1.3  Mev,  the  ratio  of  electron  lo  (lositmn  scallcrinR  on  atomic  electrons 
has  been  doterniincvl  for  the  case  where  one-half  the  iiuhlcnt  enerev  is  transfrrrcJ  to  the  atomic  electron.  The 
% iMsiircd  ratio  is  1 .82±0.1 1 , wlu'i  ti  aKrccs  \\  ilh  tlir  llicorotical  ratio  of  1 .83,  rali  iilatrd  from  the  cx[>rcssions 
Jtivon  hy  Mifllcr  ami  lilialiha  wlu-n  cxi  haiiRf  cflccts  arc  included.  The  thcorctii  al  ratio,  excluding  exchange 
ctTccls,  is  1.36. 


CO 


y INTRODUCTION 

I 'm^hjory  of  clcctrcm-cleclron  scattering,  [uih- 
J.  lislicd  l)v  MilMer'  in  has  l>cen  cltcrkcti 

c.\i>crinientally  several  times  in  recent  years-  and  ap- 
]iears  to  lie  correct.  However,  tlie  theory  of  [tosilron- 
electron  scatterino,  i)ul)lislied  I)V  Mlialilia^  in  10.36,  h;is 
Iiad  very  little  in  the  way  of  confirmation.  .Se\eral  ex- 
periments ttsino  cl()ud  chamhors^  have  j’;\en  indecisive 
results  hecause  of  the  dilViculty  of  obtaining  enough 
tracks  to  give  good  statistics.  Recently,  using  counters, 
.\«hkin  and  Woodward^  were  ."hie  lo  measure  the  ratio 
of  positron-electron  to  electron-electron  scattering  for 
6fK)-kev  [tarticlcs  and  obtained  goorl  agreement  with 
theory.  'Phis  ratio  is  easier  to  measure  than  the  absolute 
cross  .section  and  is  the  quantity  measured  in  this  work. 

The  .Mq'lk'r  formula  for  electron-electron  .sc;itlcring 
and  the  Mliahha  formula  for  [lositron-electron  scattering 
arc  rejiroduccd  below,  where  the  dilTcrei'tial  cross- 
section  is  given  as  a function  of  the  fraction.il  energy  « 
iuqtartcd  to  the  stationary  jiarticle. 
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I-’iG.  1.  'i  hcortticid  difTtrenlial  scaUcring  cross  section  in 
ahor.atory  system  .as  a function  of  l.ilnirator)  angle.  Kx))crinH-n(;d 
point  is  shown  at  33.5°. 

* Supported  in  (larl  Iiy  the  J iiit  (irograni  of  the  I,'.  S.  Office  of 
Naval  Research  ami  the  II.  S.  Atomic  I-'.ncrgy  Commission. 
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The  quantity  Fo{y,  e)  is  the  first  term  in  the  expres- 
sion for  F{y,  e)  and  refers  to  what  Bhabha  calls  ordinary 
scitteiing,  or  the  scattering  that  would  take  place  if  the 
electron  and  positron  could  not  annihilate.  'I'he  second 
term  is  '.he  “exchange”  term  representing  the  possibility 
of  annihilation  and  re-creation  of  a new  pair,  and  the 
third  term  is  the  interference  term  between  the  first  two. 
Bhabha  plots  F{y,  t)  and  F'o(y,  <)  against  « for  various 
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creased  to  1 mil.  'I'he  new  {,'conielrical  factors  introdu  t-d 
I)V  the  wide  l)cani  caused  the  monitor  ccinlcr  to  miss  U) 
percent  of  tlicevents  tliat  were  rcKisiered  l)v  the  delinin>; 
counter.  With  a 1-mil  Nylon  foil.  mul'.ii>le  scaiteriiif' 
caused  another  loss  estimated  to  be  around  21)  |>ercent, 
based  on  e.xtrap>olation  to  very  thin  foils  of  the  curves 
given  by  Snyder  and  Scott.®  The  16  j^ercent  figure  is 
common  to  both  the  electron  aiul  positron  cases,  but 
since  the  multiple  scattering  is  re|X)rted  as  10  [lercent 
less  for  positrons  than  for  electrons,^  a correction  of  2 
|K‘rcent  was  subtracted  from  the  positron  counting  rate. 

As  can  be  seen  from  Fig.  1,  the  apparent  ratio  of 
electron-electron  scattering  to  positron-electron  scat- 
tering will  be  somewhat  reduced  by  the  above  angular 
spread.  The  effect  was  graphically  estimated  to  be  2 
|>ercent  ; hence  the  measured  ratio  was  increased  by  2 
|)orcent. 

The  positron  source  produced  a large  background  of 
amiihilatio.i  radiation.  'The  coincidence  counters  were 
biased  so  that  they  were  very  insensitive  to  thi.s  radia- 
tion, but  the  main  beam  counter  was  not  so  biased,  since 
it  was  desirable  that  all  the  incident  jxisiiruns  and 
electrons  be  recorded.  .\  12  [lercent  correction  w;is 
necess;iry  for  this  gamma-background.  It  was  de- 
termined !w  recording  the  gamma- ray  background  when 
the  main  beam  svas  stojiped  at  the  entrance  to  the  lead 
collimator. 

In  arldition  to  the  above  corrections,  there  were 
several  jirocesses  which  could  give  false  coinciilences. 
The  single  counting  rates  for  electrons  were  20  counts 
per  second  in  the  delining  counter  and  28  in  the  otlier. 
Practically  all  of  these  counts  were  sira.y  electrons, 
scallued  [irimarily  from  the  edges  of  the  lead  collim,it(.>r. 
This  was  shown  by  noting  that  the  single  counting  ratc-s 
were  not  reduced  more  than  the  statistical  counluig 
error  of  1..'  ijercenl  w hen  Uie  toil  was  removed.  V.  itii  a 
coincidence  re.solving  lime  oi  1 microsecond,  the  acci- 
dental rale  was  negligihie  compared  with  the  true 
coincidence  rale  of  O.ld  count  per  .second,  l or  positrons, 
the  initial  nites  were  about  10  and  .^0  cminis  per  second, 
mostly  because  of  annihilation  ([uanla  from  the  source. 
The  order  of  magnitude  of  Ih.e  tol.il  numher  of  acci- 
dental counts  was  calcnlated  from  a simple  integral 
formula  invoUing  the  resolving  lime,  the  individual 
rates  and  the  half-life.  For  the  first  few  liciurs  the  rela- 
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of  the  48-  and  6S-minute  activities  resulting  from  da®' 
and  (ia®’.  'I'he  correction  was  ;ippro.\imalel)'  10  percent 
of  the  loliil  recorded  coiiu  iileiu  es. 

Another  correction  must  be  tipplied  in  the  case  where 
a positron  stops  in  one  counter  and  one  of  the  annihila- 
tion quanta  is  absorbed  in  the  other.  Takhig  into 
account  the  number  of  iiosiiro.'t.s  striking  the  counters, 
the  .solid  angles  seen  by  each  counter  relative  to  the 
other,  and  the  appro.ximate  efficiency  of  the  counters  for 

‘ H.  S.  Snyder  and  \V.  T.  .Scott,  I’hys.  Uev.  76,  22()_tl')4‘>). 

’ Groetzinger,  Humphrey,  and  Kibe,  I’hys.  Rev.  85,  78  (19.S2). 


I’lG.  4.  Xurnher  of  .stailermg  events  recorded  per  1()^  incirlenl 
pariicies  on  2. mil  Nylon  foil  as  a function  of  discriminator 
bias. 

0..S1  g;imina-rays,  the  correction  was  estimated  to  he 
around  4 percent. 

Since  the  individual  counting  rates  did  not  change 
(within  sialislical  limits)  wf.en  the  foil  was  removed,  it 
was  possible  to  sithlracl  false  coincidences  due  to  both 
iiie  above  aiu.se.s  by  making  runs  with  and  w ithout  the 
foil  in  i',l:ice.  The  tot-sl  correction  wtis  15  percent,  which 
was  very  close  to  the  calculated  estimate. 

f-alse  coincidences,  which  cannot  be  subtracted  c.\- 
IterimetUally,  can  be  recorded  in  the  following  way: 
When  a jKisitron  is  absorbed  in  either  the  delining  or 
monitor  crystal,  th.ere  is  a certain  probability  that  one  of 
the  annihilation  quama  will  be  absorbed  in  the  same 
crysl.il.  For  such  a.  gamma-ray  the  avc  . .'e  path  length 
in  the  crystal,  for  all  positions  of  Ihe  impinging  positron, 
is  of  t!ie  order  of  D.4  cm.  I'cr  ()..5l-Mev  g;inima-ravs  in 
N'al,  the  fractional  loss  of  photons  ])cr  cm,  resultitig 
from  the  (ihotodfctric  fllcct.  is  0.057.'' For  a path  loiigih 
of  0,4  cm,  the  probability  of  conversion  is  then  2.. I 
percent,  giving  a lot.il  |)rohabilitv  of  4 6 irercent,  since 
there  arc  two  annihilation  (jutinla.  ('(.nsetpjenlly  .some 
sn’.ill  pulses,  which  would  iiormallv  he  rejected  hv  llie 
high  bias  selling,  would  have  their  heights  increased  hv 
0.r>i  Mev  and  he  recorded,  whereas  the  corresponding 
small  pulses  in  the  electron-electron  scattering  c.ise 
would  not.  This  effect  was  estimated  by  iiolioc  the  in- 
crease in  coincidence  rale  in  the  electron-electron  scat- 

4 . 1.  ...  4i.  . i • « * 

iciiu^  uiicu  uiL'  (iibLi  iniuuiuu  uiiib  \‘.itb  lowered  aii 
amount  corresponding  to  0.5  Mev  (;ip|)io.ximately  zero 
bias)  in  one  side  chaniiel  :it  ,i  lime.  The  average  increase 
for  such  ;i  procedure  in  both  clituinels  was  47  percent, 
riius  the  correction  to  he  suhlr.irted  from  the  itosilron 
coincidence  rate  is 4.6  percent  of  47  percent,  wliidi  is  2.2 
licrcent.  There  are  also  ('ompton  electrons  which  ;ire 
four  times  as  numerous  as  the  plioioelectrons,  hut  ha\e 
an  average  energy  of  (>nly  0.2  .Mev.  Lowering  the  bias  in 
one  channel  by  tin  amount  c.orresiionding  to  0.2  Afev 

" Natiunal  liiiroaii  of  .Staiulards  Report  NMtS  lOOJ  (unuul)- 
lishedt. 
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iiKTCiiscd  tlio  rate  20  ])crcent.  Hence  the  amount 
sul)tr:ictc(l  is  four  times  4.6  i>crceiU  of  2t)  [lercent,  which 
is  2.7  ]>erceiU.  Wlicn  tliis  is  added  to  the  above  2.2 
j'ercent,  tiie  total  correction  is  al)out  6 iK'rcent. 

RESULTS 

Tlie  ratio  of  electron-electron  to  iiosilron-electron 
scattering  is  shown  in  Figs.  1 and  2 after  all  corrections 
have  been  apiilied.  The  theoretical  ratio  at  22.5°  is  1.82 
(with  e-vchange),  and  1.26  (no  e.xeliange).  The  e.xperi- 
mental  ratio  is  1.82±0.11.  Most  of  this  error  is  due  to 
uncertainties  In  the  corrections.  The  Hhabha  theory 
with  e.xeliange  is  thus  very  (lefniitely  favored. 

The  coincidence  rates  (juoted  above  are  only  0.25 


682 

times  the  rates  e.xjiected  from  absolute  cross  section 
< alculations.  When  the  theoretical  rate  is  reduced  by  the 
previously  mentioned  factors  of  16  percent  aiid  20 
percent  successively,  a counting  rate  for  electrons  of  0.22 
coincidenee/sec  is  obtained.  The  absolute  e.xperimental 
coincidence  rate  lies  somewhere  between  0.27  count/sec, 
which  is  the  rate  just  above  the  noise  level  near  zero 
bias,  and  0.12  count/sec,  which  is  the  rate  at  the  knee  of 
the  curve.  Hence  no  conclusions  can  be  drawn  regarding 
absolute  cross  sections. 
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